The electronic structure of a semiconductor surface is studied for the first time using self-consistent nonlocal (firstprinciples) pseudopotentials. In agreement with the recent local pseudopotential as well as tight-binding studies, no intrinsic surface states are obtained in the gap of GaAs for the relaxed surface. However, in contrast with the previous approaches, new features of the electronic structure are obtained, including a pronounced downwards displacement of the low As-derived surface states, the appearance of an additional As p state near the valence-band maximum, the reordering of the states near X with a different order of. wave-function parity, and the development of pronounced d-orbital character (in addition to s and p) in the highest occupied and lowest empty surface states.
I. INTRODUCTION AND CONCLUSIONS
All of the pseudopotential electronic-structure calculations of semi-infinite semiconductor surfaces known today have used local pseudopotentials. Qn Si (Ref. 10) and Mo, W. '~I n this paper, these nonlocal pseudopotentials are applied for the first time to study self-consistently the electronic structure of the relaxed GaAs (110) surface. I use the 27 -rotation relaxation model suggested by Tong et al. ' 2 for the surface geometry.
My main conclusions are:
(1) ' In agreement with recent tight-binding" "
and local pseudopotential'~calculations using the relaxed surface geometry, but in contrast with the calculations using the ideal surface geom- V"~(r, r') = W"(r, r') + W",[n (r)] .
The pseudopotential acts as an external field, replacing the dynamic effects of the core electrons, and is a constant for a given geometry of the system. The nonlinear response of the electronic system to this external potential is represented by the screening, which is calculated selfconsistently. Note that whereas certain choices of screening formalisms may lead to a local screening potential W",(r) (e.g. , the local-density approach5) and others (e.g. , the Hartree-Fock approach) lead to a nonlocal screening potential W",(r, r'), both approaches produce nonlocal pseudopotentials W (r, r ): eliminating a certain subspace of (core) orbitals from either a local or a nonlocal all-electron representation requires the addition of a state-dependent (pseudo) potential. '4 The pseudopotential W~(r, r') is approximated as a superposition of angular-momentum-dependent atomic pseudopotentials v~'"(r) for each atomic type a:
I use v(r) to indicate atomic potentials; V(r) denotes crystal potentials. Here R"and r denote the unitcell and atomic-site-position vectors, respectively, and P, is an angular momentum projection operator with origin at r -R"-7 . The 
where the atomic nonlocality matrix in momentum space is given by 
where V"[n(r)J is the interelectronic Coulomb r epuls ion,
V"[n(r)] is the local-density exchange, is given as a simple Fourier transform of the local potential x)(k, r) = Q Bi(k+G)e" (12) followed by a symmetrization of [e'"' ''') with respect to a reflection operation at the center of the unit cell. This symmetry operation belongs to the star of all k points in the Brillouin zone of the (110) 
and the various terms are given by Eqs.
- (10a), (10b), (10c), (6), and (4), respectively.
The input to the calculation is {v~'$ for & =Ga, As and I =0, 1, 2, as well as the geometry {II", 7 ].
The matrix elements F, 0(G) and E,(k+ G, k+ G') are then calculated once and for all on a given grid in momentum space by performing the one-dimensional numerical integrations indioated in Fqs. (6) and (4) 
using standard atomic structure programs, 34 and then use the linearly superposed atomic screening as a first guess to the crystal screening:
where v"", (r) denotes collectively v"+v"+v,.
Qiven this initial guess, Eq. (13) 
+ V, (Q), and the fixed pseudopotentials E"o(G) and E,"(G,G'), Eq. (13) Fig. 2(a) . A schematic drawing of the experimentally observed surface states plotted with the calculated projected band structure is given in Fig. 2(b) The Ga(1) and Ga(2) pair of bands appearing at -(5. 8-6. 0) eV at M (B2 in the notation of Hef. 13) are Qas-like with a 10'%%uo AsP-like contribution.
Similarly to the As(1)-As(2) pair, Ga(1) is localized on the second layer, whereas Qa(2) is localized on the first layer. Only one state at -6.5 ep (Hef. 23) is observed experimentally in this energy region. Both pairs As(1)-As(2) and Ga(1)-Ga(2) are split by an interaction induced by the surface relaxation (1.5 and 0.3 eV, respectively). The As(3a) and As(3b) pair of surface states are localized on the two upper surface layers and are AsP-like with 25% admixture of GaP. Two surface states are observed experimentally in this energy region at -3.6 to -3.8 eV (X to M) and -3 to -3.2 eV (X' to 1P).~' The calculated positions are As(3a) at -3 to -3.2 eV and As (35) (QaP) .~ith respect to the symmetry operation of mirror-plane reflection, I find As(3b) to be odd and As(3a) to be even along the I' -X' line.
The As(5) and As(4) pair of states (8, and S, in the notation of Hef. 13 or the As "dangling" and As "back" bonds, respectively) are localized on the first surface layer. Whereas they are classified as AsP-type both in the tight-binding~3 and localpseudopotential~5 calculations, I find these states to include also a non-negligible Asd character (e.g. , 20% in As{5) and 17% in As(4) at the M point compared with 75% and 80% P character, respectively). I find the As(4) and As(5) states to be even under a mirror-plane reflection at X' and M; however, the As(4) state reverses its parity to odd just outside X' towards I', and As(5) continues to be even under reflection. The angular-resolved photoemission study of Williams, Smith, and Lapeyres shows at this energy region at least three states at -0.9, -1.4, and -1.6 eg. At X' I find the order As(5) at -0.8 eV, As(4) at -1.2 eV, As(3b) at -1.65 eV, and As(3a) at -1.7 eV.
With respect to mirror reflection, these states are even, even, odd, even, respectively. If one moves, however, away from X' towards I', the order is changed to As(5), As(35), As(4), and
As (3a) at a point that is 20'%%uo away from X' towards I" but disagrees with the order predicted at X'. Huijser et al. 2~h ave shown four states near X', the two lowest being nearly degenerate at X' but splitting appreciably in going from X' to I'. The observed ordex of the dispersion of these states in going from X' to I' (and from the least bound to the most tightly bound) is'9: up, up, dispersionless, and down. These observations strongly support the ordering As(5), As(3b), As(4), and As(3a), which agrees with experiment" both in the dispersion directions as well as with the assignment of polarities' even, odd, even, even. This interpretation is different from the one suggested by the tight-binding work'3 [As(5), As(4), As(3), or 8&, S&, and S~, respectively, where As(4) is found to be odd] which agrees with experiment in the order of polarities but shows only three rather than four surface states at I' -X' above -3 eg. Similarly, the present interpretation differs from the one suggested by the localpseudopotential work, which shows only three states [As(6), As(5), As(4) or odd, even, even, where As (4) First, the Qad nonlocality was scaled down. The major effect was to raise the energy of the empty states Ga(3) and Ga (4) (1) and Ga(2) in Fig. 2] , one may expect that self-interaction corrections for these states would be a non-negligible fraction of that found for atoms. Indeed, the energy of the Ga(1)-Ga(2) states calculated here is about 0.5-0.7 ep higher than the experimental value. 3 Hence, whereas many electronic-structure calculations for semiconductor surfaces using a density-functional screening Eq. (7 
